Cell and circuit hyperexcitability have long been hypothesized to underlie many core symptoms 19 of Fragile X Syndrome (FXS) and autism spectrum disorders more generally, which includes 20 sensory hypersensitivity, seizures and irritability (Contractor, Klyachko, and Portera-Cailliau 21 2015). The fundamental role of cellular excitability in circuit function raises the possibility that an 22 alterations in neuronal intrinsic physiology may underlie a range of functional endophenotypes in 23 FXS. Despite this potential link, few studies have examined the combined synaptic, dendritic, and 24 cellular mechanisms that lead to generation of neuronal hyperexcitability during early postnatal 25
development. 26 27
Many cellular properties are known to regulate neuronal excitability, ranging from neuronal 28 morphology and intrinsic physiology, to synaptic transmission and plasticity. In FXS, a central 29 hypothesis is that glutamatergic signalling at dendritic spines is impaired (Pfeiffer and Huber 2007, 30 Irwin, Galvez, and Greenough 2000). The first major alteration described was a change in 31 dendritic spine density and morphology (Irwin, Galvez, and Greenough 2000, Comery et al. 1997) , 32 however this observation was not apparent when examined at the nanoscale using super-33 resolution imaging methods (Wijetunge et al. 2014) . Furthermore, despite these reported changes 34 in spine density, no study has observed a change in synaptic event frequency that would be 35 predicted by a change in spine density. This has important implications for our understanding of 36 the synaptic aetiology of FXS, as many of the current theories are reliant on altered synaptic 37
function (Bear, Huber, and Warren 2004, Pfeiffer and Huber 2009). 38 39
The rodent somatosensory cortex (S1) is well characterised in terms of its processing of tactile 40 inputs, which, in the case of the barrel cortex arise from the whiskers on the facepads via relay 41 synapses in the brainstem and ventrobasal thalamus (Schubert, Kötter, and Staiger 2007) . The 42 thalamic inputs arrive predominantly onto layer 4 stellate cells (L4 SCs) which integrate this 43 information within L4, then project to L2/3 and L6. Furthermore, L4 SCs undergo a well described 44 critical period for synaptic plasticity, which closes at postnatal day 7-8 (P7-8). For these reasons, 45
L4 of S1 provides a well-described reductionist system to examine sensory processing (Fox 1992 , 46
Petersen 2007). Indeed, hyperexcitability has been observed within S1 of Fmr1 -/y mice, due in part 47 to changes in intrinsic neuronal excitability, axonal morphology, and synaptic connectivity, which 48 together result in increased network excitability (Bureau, thalamocortical synaptic plasticity is delayed in Fmr1 -/y mice relative to controls gave a suggestion 51 as to how these cellular deficits may arise (Harlow et al. 2010) . However, the effect of this delay 52 in synaptic development affected dendritic spine function is not known. Furthermore, no study has 53 directly examined how dendrites integrate synaptic inputs in the absence of FMRP, despite the 54 fact that dendritic integration plays a key role in regulating cellular excitability (Magee 1999 , 55
Branco and Häusser 2011, Lavzin et al. 2012) . In this context, the fact that intrinsic physiological 56 deficits potentially associated with altered integration, particularly in HCN channel expression is 57 of particular relevance (Gibson et al. 2008 , Brager, Akhavan, and Johnston 2012, Zhang et al. 58 2014). Here, we directly test whether there is a functional relationship between dendritic spine 59 function, intrinsic neuronal physiology and the role of HCN channels, dendritic integration, and 60 ultimately neuronal output. To address this question, we use an integrative approach that 61 combines whole-cell patch-clamp recording from neurons in S1 at P10-14 with 2-photon 62 glutamate uncaging, post-hoc stimulated emission-depletion (STED) microscopy, and serial 63 block-face scanning electron microscopy. 64
65

Results: 66
To assess the function of identified dendritic spines in Fmr1 -/y mice, we first performed single spine 67 2-photon glutamate uncaging. Whole-cell patch-clamp recordings were performed from layer 4 68 spiny-stellate cells (L4 SCs) in voltage-clamp, with a Cs-gluconate based intracellular solution 69 containing a fluorescent dye (Alexafluor 488, 100 µM) and biocytin to allow on-line and post-hoc 70 visualization of dendritic spines. Following filling we performed 2-photon photolysis of caged-71 glutamate (Rubi-glutamate) to elicit uncaged excitatory post-synaptic currents (uEPSCs; Figure  72 1A). From both the concentration-and power-response relationships, we determined that 300 µM 73
[Rubi-Glutamate] and 80-100 mW laser power (λ780 nm) were optimal to produce saturating 74 uEPSCs at -70 mV, which were fully abolished by CNQX, confirming that they were mediated by 75 AMPA receptors (AMPARs). Analysis of the spatial properties of Rubi-Glutamate uncaging 76 confirmed that the optimal position for photolysis was 0-1 µm from the edge of the spine head 77 (Figure S1) . 78
79
Comparison between genotypes revealed that the single spine uEPSCs in WT mice had an 80 amplitude of 6.9 ± 0.4 pA (n=17 mice), while Fmr1 -/y mice (n=13 mice) showed a larger uEPSC 81 amplitude of 9.8 ± 0.5 pA (d.f: 4, 5 χ 2 = 8.26 p = 0.004; GLMM, see Figure S2 ), indicating that 82 spines in Fmr1 -/y mice are enriched for AMPAR-mediated currents ( Figure 1B, C) . This difference 83 appeared to be due to a greater population of uEPSCs at Fmr1 -/y spines with amplitudes over 84 10 pA ( Figure 1B) . As expected from a larger underlying current, the single spine uncaging 85 excitatory post-synaptic potential (uEPSP) was also larger in Fmr1 -/y mice (0.73 ± 0.12 mV, n = 86 10 mice), when compared to WT littermates (0.47 ± 0.06 mV, n = 16 mice; d.f.: 24; t = 2.09; p = 87 0.046; T-test; Figure 1D ). In a subset of dendritic spines we observed no AMPAR current when 88 recorded at -70 mV, however a large NMDA receptor (NMDAR) current was present at +40 mV, 89 indicating the presence of "silent" dendritic spines (Figure E) . Quantification of the incidence of 90 "silent" spines revealed an incidence of 91 17.6 ± 3.5% in Fmr1 -/y mice (n=13 92 mice), almost 3-fold higher than in WT 93 mice (6.4 ± 1.6%, n=17 mice; d.f.: 27; 94 t = 3.1; p = 0.005; T-test). When 95 measured across all spines, the 96 NMDA/AMPA ratio was significantly 97 elevated as both a spine average 98 
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Given that majority dendritic spines on L4 SC dendrites are formed by cortico-cortical synapses 123 in WT mice (White and Rock 1980) and therefore likely constitute the majority of uncaged spines, 124
we next asked whether synapses formed between L4 SCs had larger EPSC amplitudes by 125 performing paired recordings between synaptically coupled neurons (Figure 2 ). As previously 126 described in 2-week old mice (Gibson et al. 2008 ), we observed a reduced connectivity between 127
L4 SCs in Fmr1
-/y mice, with a probability of only 14.8%, 50% lower than that of WT mice which 128 had a connectivity of 33.6% (p = 0.015, Fisher's exact test, Figure 2C 
152
The inclusion of biocytin within the recording solution allowed post-hoc visualisation of the 153 recorded neurons, following fixation and re-sectioning. We next performed correlated Stimulated 154
Emission-Depletion (STED) imaging of the same dendritic spines we had uncaged upon ( Figure  155 3A-E). Measurement of nanoscale spine morphology revealed that there was no difference in 156 either spine head width (Figure 3B) , nor neck-length (Figure 3D ), between WT (n=6 mice) and 157
Fmr1
-/y (n=4 mice) mice. 158 159 Squares F-test; Figure 3C ). We observed no correlation with spine neck length and EPSC 178 amplitude ( Figure 3E ). To confirm that uncaging itself did not have an effect on any potential 179 difference, we also measured spines from non-uncaged dendrites on filled neurons; spine 180 Given the synaptic strengthening of individual dendritic spines, but the lack of change in unitary 185 EPSC amplitudes and spine morphology, we next asked whether the synaptic structure of 186 dendritic spines was altered. To achieve this we used serial block-face scanning electron 187 microscopy in L4 of S1 from mice perfusion fixed at P14. In serial stacks (50 nm sections; Figure  188 4) we identified Type-1 asymmetric synapses on dendritic spines, based on the presence an 189 electron dense post-synaptic density (PSD) opposing an axon bouton containg round vesicles. 190
Following 3-dimensional reconstruction, we identified a subset of dendritic spines that contained 191 more than 1 PSD, which were each contacted by an independent presynaptic axon bouton 192 ( Figure 4A, B) , and henceforth referred to as multi-innervated spines (MIS). These MIS were 193 present in both genotypes, however the incidence in Fmr1 -/y mice was 20.5 ± 1.6% of all spines 194 (n=7 mice), 3-fold higher than in WT littermates (7.2 ± 1.5% of spines, n=3 mice, d. 
244
All data shown as mean ± SEM.
246
While these observed changes in synaptic properties reveal differences in dendritic spine 247 function, alone they do not reveal how neurons integrate excitatory inputs leading to 248 hyperexcitability. Dendritic spines act as spatiotemporal filters whose summation is dependent 249 upon the cable properties of dendrites (Rall 1959 Figure 7C ). Given the observed differences in AP discharge (Figure 6D ), we 340 next tested whether ZD normalised firing properties. In WT L4 SCs, ZD application significantly 341 increased AP firing (d.f.: 5, 155; F = 7.5; p < 0.0001 for interaction; 2-way ANOVA; Figure 7D) , 342 but did not alter the peak firing (p = 0.31, Bonferroni post-test), meanwhile ZD had no effect on 343 the AP discharge of Fmr1 -/y L4 SCs (d.f.: 5, 174; F = 0.23; p = 0.95 for interaction; 2-way ANOVA; 344 Figure 7E ). Finally, we asked what effect ZD had on the resonant properties of L4 SCs. In WT 345 L4 SCs, ZD application strongly increased the impedance of WT neurons at low frequencies 346 (Figure 7F, H) , which lead to a 33% increase in impedance at the resonant frequency (d.f.: 6; t = 347 3.81; p = 0.009; Paired T-test), whereas ZD had no effect on impedance in 
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Ih is a major factor contributing to the spatial and temporal summation of synaptic events, serving 407 to shorten decay times of summating EPSPs (Magee 1999) . Given the reduced Ih we observe in 408
Fmr1
-/y L4 SCs, we next asked whether inhibition of the HCN channel resulted in altered decay 409 time of integrated synaptic events. Summating uEPSPs from WT mice (normalised to the initial 410 uEPSP) displayed long decay times at low summation, which were more rapid at higher 411 summation levels (Figure S4A, S4B) . By comparison, in Fmr1 -/y mice we did not observe these 412 relationships and the genotype-specific slopes of the log(EPSP summation) were highly divergent 413 Klyachko, and Portera-Cailliau 2015). Furthermore, while FMRP has been shown repeatedly to 429 regulate synapse function and plasticity, little is known about how these alterations affect dendritic 430 spine function and dendritic integration to sensory input. To address these questions, we used 431 glutamate uncaging at L4 SC dendritic spines to examine how they integrate and generate action 432 potentials following synaptic stimulation. We show that L4 SCs in S1 have dendritic and synaptic 433
properties that result in increased action potential generation in Fmr1 -/y mice relative to WT 434 controls. Specifically, we show increased excitatory synaptic currents at individual spines resulting 435 from increased AMPAR and NMDAR content. Despite this, we observed no change in spine 436 morphology using STED microscopy and there was little correlation between spine structure and 437 function, indicating that spine morphology is not an effective proxy for spine function, at least at 438 the age used in this study. However, electron microscopic analysis revealed an increase in 439 multiply-innervated spines which likely accounts for the increase in single-spine synaptic currents. 440
Interestingly there was also an increase in silent spines which agrees with the increase in NMDAR 441 mEPSC frequency, but not AMPAR mEPSC frequency. The overall increase in dendritic spine -/y mice. However, this study also reported a delay in 473 the critical period for inducing LTP at these synapses which terminated at P10. Therefore, the 474 period of synaptic potentiation at TCA synapses is complete by the age we tested in this study. 475
Hence the percentage of silent spines receiving TCA input would be expected to be low (Crocker-476 Buque et al. 2014). Furthermore, the reduced connectivity between L4 SCs at P12-14, despite 477 no change in spine density (Till et al., 2012) , strongly indicates that SC to SC synapses are 478 preferentially silent at this developmental stage in the Fmr1 -/y mouse. Together, these findings 479 suggest that silent spines measured in our study reflect cortico-cortical, rather than TCA, 480 synapses. Given the hierarchical nature of sensory system development, it would not be 481 surprising if a delay in intra-cortical synapse development in Fmr1 -/y mice follows the 482 aforementioned delay in TCA synapse development, but this remains to be directly tested. 483
484
While dendritic spines are functionally disrupted in the Fmr1 -/y mouse, using super resolution 485 microscopy we found no evidence of a genotypic difference in spine morphology of L4 SC 486
neurons. This is in good agreement with our previous findings that spine morphology is unaffected 487 in hippocampal CA1 and layer 5 S1 neurons (Wijetunge et al. 2014 ). Furthermore, we find only a 488 weak correlation between dendritic spine structure and function, demonstrating the pitfalls of 489 using spine structure as a proxy for synaptic function, especially in young animals and genetic 490 models of disease. These findings are in stark contrast to those observed from post-mortem 491 human tissue (Irwin, Galvez, and Greenough 2000) or from other mouse studies (Comery et al. 492 1997) ; however these studies were only performed with diffraction-limited microscopy, suggesting 493 that super-resolution imaging techniques should be the gold-standard for dendritic spine 494 morphological studies in future. Single dendritic spines do not typically produce AP discharge 495 from neurons, rather they require co-activation and summation of multiple synaptic inputs arriving 496 with high temporal precision (Losonczy and Magee 2006) . L4 SCs have been previously been 497
shown to possess linear integration of Ca 2+ influx in their dendrites (Jia et al. 2014 ). We show that 498 synaptic potentials also linearly integrate in L4 SCs of WT mice, and that this integration is strongly 499 enhanced in Fmr1 -/y , leading to more efficient discharge of APs, due in large part to a reduced Ih. 500
Ih has been implicated in the altered neuronal excitability of FXS (Brager, Akhavan, and Johnston 501 2012, Zhang et al. 2014) , with the HCN1 channel expression dictating whether the current is 502 increased or decreased. However, no study has until now shown a direct effect of Ih on whole-503 cell excitability. We see a strong reduction Ih in L4 SCs from Fmr1 -/y mice; thus inhibition of HCN 504 channels alters intrinsic physiology and dendritic integration to a lesser degree than in WT mice. 505
Given that Ih amplitude differs between regions and cell type, alteration in the density of HCN 506 channels may reflect homeostatic regulation of neuronal excitability. 507
In summary, we provide the first direct evidence in Fmr1 -/y neurons for a functional deficit at 509 excitatory synapses onto dendritic spines and that these alterations contribute to an increase in 510 USA). Following dye filling, a short, low zoom z-stack was collected (2 µm steps, 2-3 pixel 567 averaging, 512 x 512 pixels) over the whole dendritic extent of the cell at low laser power (<5 mW) 568 with a high numerical aperture 20x lens (N.A. 1.0, Olympus, Japan). Then a short section of spiny 569 dendrite, 50-100 µm from the cell somata and running parallel to the slice surface was selected 570 and imaged at higher zoom. Between 7-10 spines were then selected based on being 571 morphologically distinct from neighbouring spines, ordered distal to proximal to soma, and then 572 300 µM Rubi-Glutamate (Rubi-Glu; Ascent Scientific, Bristol, UK) was applied to the bath, and 573 recirculated (total volume: 12.5 ml; flow rate: 6-8 mls/minute). Following wash-in of Rubi-Glu (<2 574 minutes), short duration, high power laser pulses (1 ms, λ780 nm, 80-100 mW, 0.2 µm diameter) 575 local photolysis was performed ~1 µm adjacent to individual spines. In a subset of recordings 576 from WT mice, we confirmed spatial, quantal release, and pharmacological properties of Rubi-577
Glu uncaging under our recording conditions ( Figure S1 ). Individual spines were sequentially 578 uncaged at 2 second intervals followed by a 40 second pause; therefore each spine receiving 579
Rubi-Glu photolysis every 60 seconds. All spines underwent photolysis at least 3 times and the 580 average uncaging-EPSC (uEPSC) at -70 mV measured. In a subset of experiments we confirmed 581 that these uEPSCs were mediated by direct activation of AMPARs by subsequent application of 582 10 µM CNQX to the perfusing ACSF ( Figure S1D ). Following each 3 repetition cycle, the focal 583 plane and dendritic health was checked with short scans, at low power (<5 mW) to prevent 584 background photolysis. Following successful recording of AMPA uEPSCs, we increased the 585 holding potential to +40 mV and recorded the outward mixed AMPA/NMDA currents. In a subset 586 of experiments we confirmed the AMPAR and NMDAR dependence of these outward currents by 587 bath applying 10 µM CNQX and then 50 µM D-AP5 ( Figure S1E ). AMPA uEPSCs were measured 588 over the first 10 ms following the uncaging stimulus (0.5 ms peak average) at both -70 and 589 +40 mV. NMDA currents were measured from 20-50 ms post-photolysis, which was confirmed to 590 be following complete decay of the AMPA uEPSC at -70 mV. All sequential spine uncaging 591 experiments were performed as quickly as possible following dye filling, to prevent phototoxic 592 damage to the recorded neurons, and L4 SCs resealed with an outside-out patch. Cells were 593 rejected if photolysis resulted in blebbing of dendrites or depolarisation of the membrane potential. 594
595
In a subset of experiments, we performed mEPSC analysis of L4 SCs independent of Rubi-Glu 596 photolysis, under the same conditions as above (with no AlexaFluor dye), recording 5 minutes of 597 mEPSCs at -70 mV voltage clamp. Cells were then depolarised to +40 mV voltage-clamp and 598 mixed AMPA/NMDA mEPSCs recorded for 1 minute, after which 10 µM CNQX was applied to the 599 bath. Following full wash in of CNQX (~2-3 minutes) a further 5 minutes of pure NMDA mEPSCs 600 were recorded. In all experiments 50 µM APV was then bath applied, to confirm that the mEPSCs 601 recorded were NMDAR-mediated. All mEPSC data was analysed using a moving-template 602 algorithm (Clements and Bekkers 1997), with templates made from the tri-exponential non-linear 603 fit to optimal mEPSCs at each holding potential using the event-detection interface of Stimfit. For 604 mEPSCs at -70 mV, the minimum time between EPSCs was set to 7.5 ms, and 25 ms for those 605 at +40 mV. Detected events were analysed if they had an amplitude greater than 3x the SD of the 606 5 ms preceding baseline of the mEPSC. with KOH, Osm = 295 -305 mOsm) we dye filled neurons as for sequential photolysis described 625 above, in normal ACSF containing PTX and TTX, but not Rubi-Glu. Once dye filling was complete 626 (<10 minutes) we imaged the L4 SC (as above) at low zoom, then identified a superficial spiny 627 dendrite 50-100 µm from the soma. At this point we placed a wide puff pipette (borosilicate patch 628 pipette with tip broken to ~20 µm diameter) just above the surface of the slice, adjacent to the 629 dendrite of interest. The puff pipette was filled with 10 mM Rubi-Glu in a HEPES buffered ACSF 630 (in mM: 140 NaCl, 2.5 KCl, 10 HEPES, 1.25 NaH2PO4, 25 glucose, 1 MgCl2, 2.5 CaCl2; adjusted 631 to pH 7.4 with HCl). At this point the dendrite was imaged at high magnification and 7-10 spines 632 chosen and a very low pressure stimulus given to the puff-pipette (3-5 mBar), sufficient to cause 633 dialysis of the Rubi-Glu, but not powerful enough to cause obvious movement of the tissue. The 634 dialysis of Rubi-Glu was maintained throughout the remainder of the recording. The cell was then 635 switched to current-clamp mode, membrane potential held at -60 mV with a bias current, and 636 spines 1-7 sequentially uncaged (0.5 ms laser duration, 80 mW power) to give the individual 637 spines uEPSP amplitude. Following 3 repetitions and correction of focus, a line scan was created, 638 with 0.5 ms dwell time at each spine ROI in order from distal to proximal. Spines were then 639 uncaged in a cumulative manner, with 1, 2, 3 … n spines uncaged near simultaneously. The total 640 duration of uncaging was 5.5 ms for 10 spines and there was a 10 second delay between each 641 run of photolysis, with the total protocol lasting minimally 4-5 minutes. At least 3 repetitions of this 642
